This study reports, electrorheological (ER) responses of pumice and poly(methyl methacrylate)/ pumice, PMMA/pumice, conducting composite dispersions in silicone oil (SO). Primarily three different compounds (K1, K2, K3, 73%, 48%, 22% contain pumice particles) PMMA/pumice composites were prepared and used as ER active materials. Anti-sedimentation stabilities of pumice and composite systems in silicone oil (SO) medium were determined. The application of a suspension of composite particles as an electrorheological ER fluid (20% particle concentration) was assessed using a rotational electro-rheometer, and the effects of the electric field strength, shear rate, frequency and temperature were examined. ER activity of all the composite suspensions was observed to increase with increasing concentration, electric field strength and decreasing shear rate. The PMMA/pumice composites suspensions show a typical shear thinning non-Newtonian viscoelastic behavior, in which viscosity of the suspension decremented sharply with incrementing shear rate. The ER measurement results showed that the performance of the composite suspensions was enhanced by increasing the electric field strength.
Introduction
An electrorheological (ER) fluid is described as a smart material, in which the electrorheological properties of a suspension of particles dispersed in an insulating oil, can transmute from a liquid-like state to a solid-like state in the range of milliseconds from the application of an external electric field [1] . Under the electric field strength, the induced dipoles tend to attract neighboring particles and this causes the particles to form fibrillar three-dimensional network structures, which are aligned along the direction of the electric field and generate additional resistance against fluid motion [2] .
Without an external electric field, conducting particles are dispersed haphazard and the ER fluid comports simply as a Newtonian fluid. When an externally applied electric field strengthens, the dispersed particles immediately form chain-like structures and the ER fluid deports as a non-Newtonian fluid [3] .
Igneous rocks of volcanic pumice are very thin with translucent bubble-walled glass pyroclastic extent macrovesicle structure. This is an intermediate silicic structure; there is no widely-circumscribing or basalt and felsic composition in others. Pumice is commonly pale in color, ranging from white, cream, blue or grey, to greenbrown or ebony. It composes when volcanic gases ex-solve from viscous magma-nucleate bubbles which cannot yarely decouple from the viscous magma prior to chilling to glass. Pumice widely in the upper components of silicic lava is a prevalent product in the form of explosive blast. Pumice has an average porosity of 90%. Pumice is typically used to make a lightweight insulating concrete or cinder block of low density. Pumice has been utilized as a construction material to the present from the past [4] .
PMMA is known as a vigorous and lightweight material. It has a density of 1.17 -1.20 g/cm 3 , which is less than a moiety that of glass. In integration, the polystyrene has a higher glass and good impact resistance; however, the PMMA impact vigor is still significantly lower than polycarbonate and some engineered polymers. PMMA swells and dissolves in many organic solvents; it also has poor resistance to many other chemicals due to its easily hydrolyzed ester groups [5] . Nevertheless, its environmental stability is superior to most other plastics such as polystyrene and polyethylene, and PMMA has been therefore often the material of choice for outdoor applications. However, environmental stability, such as polystyrene and polyethylene is superior to many other plastics and PMMA therefore for alfresco applications and often a preferred material in many areas [6] .
In this study, all these superior features with pumice composite PMMA are intended as a preparation. For this intent, three different compounds (K1, K2, and K3) PMMA/pumice composites were used as ER active materials. In this system, the silicone oil was determined by precipitation resistance. The parameters which affect the ER properties of pumice/SO and PMMA/pumice/SO systems were investigated such as electrical field strength, shear rate, shear stress, elastic properties and temperature [7] .
Experimental

Materials
Pumice mineral "Soylu Mining" companies from (Cappadocia province, Turkey) and for all other chemicals provided by Aldrich products and used as received. The monomer, methyl methacrylate (MMA) was used after vacuum distillation. The initiator of ammonium per sulfate (APS) was recrystallized in ethanol prior to use.
Preparation of PMMA/Pumice Composite
PMMA was free radical polymerized in the presence of pumice using APS (ammonium persulfate) as radical initiator taking the monomer to initiator mole ratio as 1000:1 in methanol (at 70˚C) [8] . The reaction system was kept at room temperature under N 2 (g) for 4 h commixing. During the mixing, the addition of pumice adsorbed PMMA surface and was added at three different rates (Scheme 1). Prepared composites were dried under vacuum for 24 hours. Three PMMA/pumice composites, containing sundry percentages of PMMA were prepared by changing the pumice to monomer ratios, and they were coded as follows: 27% PMMA/73% pumice (K1), 52% PMMA/48% pumice (K2), 78% PMMA/22% pumice (K3). And then composites milled with ball mill. Determining particle size and electrical characteristics are given in Table 1 .
Scanning Electron Microscopy
The SEM micrographs of PMMA/pumice composites (Figure 1 ) demonstrates a big granular structure whereas, the SEM micrograph of PMMA/pumice composites demonstrates a sponge like and porous structure. The different surface morphologies of PMMA and PMMA/pumice composites influence their conductivities.
Preparation of Dispersions
Dispersions of pumice and PMMA/pumice composite were prepared at a volume fraction of 20% by dispersing , η = 1.0 Pa s, ε = 2.61, Aldrich, Germany), which were both vacuum dried before mixing in an oven for 24 h (50˚C constant temperature) to remove any moisture present. All the prepared dispersions were allowed to equilibrate overnight before measurements.
Sedimentation Stability Measurements
Sedimentation stabilities against gravitational forces of the pumice/SO and PMMA/pumice/SO dispersions were determined at T = 25˚C. Glass tube containing the above dispersion was immersed in a constant temperature water bath and the formation of the first precipitate was recorded as a colloidal stability. Pure views during the affluent phase for particulate and in terms of a relatively clear phase separation between an oil rich phase heights were recorded as a function of time using digital calipers. Sedimentation rate was defined as the height of the affluent phase divided particles to the total height of the dispersion.
Electrorheological Measurements
ER properties of the dispersions were determined with a Thermo Scientific HAAKE RheoStress 600 Electrorheometer (Karlsruhe, Germany). The gap between the parallel plates was 1.000 mm and the diameters of the upper and lower plates were 35 mm (PP35 ER rotor). Potential used in these experiments was supplied by a 0.0 -12.5 kV (with 0.5 kV increments) dc electric field generator (Fug Electronics, HCL 14, Germany), effective resistivity generated during the experiments.
Results and Discussion
Anti-Sedimentation Stabilities of the Dispersions
The anti-sedimentation stability of ER materials is one of the main gauge because the ER fluids are supposed to be homogeneously dispersed before applying external electric field strength. The effects of dispersed particles on the anti-sedimentation ratios of the materials used in this study were examined. For the particle volume fraction of 25%, anti-sedimentation ratios at the end of 40 days were determined as 92% for PMMA/pumice/SO systems (Figure 2) . It was observed that PMMA/pumice/SO dispersion system was extremely stable against gravitational sedimentation than other particle concentrations. It was observed that the PMMA/pumice/SO dispersion system had a higher anti-sedimentation ratio than pumice/SO, although the particle size of PMMA/pumice was bigger than pumice. On the other hand, the density of PMMA/pumice was lower than pumice and more proximate to the density of SO. Furthermore, in composite structure PMMA chains form steric obstruction that holds the particles in suspended positions against agglomeration.
Electrorheological Studies
Effect of Particle Concentration on ER Activity
The change in electric field viscosity (η E ) with a suspension particle concentration at constant conditions was shown in Figure 3 . There are two main factors which relate the particle concentration and η E . The higher particle concentration results in a denser particle structure organized by the influence of E, resulting with a higher resistance against the flow. Additionally, as a result of polarization forces acting between the particles of the suspensions, η E (or ER activity) increases with incrementing particle concentration in the suspensions. Suspension concentration exerts the principal effect on the ER activity. When a particle concentration increases, electric field-induced viscosity of the suspension increases. This may be attributed to the polarizing forces acting between particles [9] . In the absence of an electric field strength, the particles are haphazard dispersed in suspension. At high electric fields, the particles form well-developed strings spanning the gap between the electrodes, as a result of interfacial polarization due to migration of charge carriers in the composite particles. Increase in electric field strength induces a higher dipole moment, which causes the particle chains to coalesce and form thicker chains. Likewise, higher particle concentration results in a denser fibrillar structure [10] . The magnitude of the force between two particles aligned with the electric field strength and with a center-center separation of d
. An incremented suspension concentration will decrement the distance between the particles, which will result in an incremented polarization force. In our study, η E of suspensions increased continuously with increasing particle concentration and this increment was maximum at c = 30% particle concentration in the following order: K3 (350. , T = 25˚C.
Effect of Shear Rate on Shear Stress and Viscosity
The effects of shear rate γ on shear stress (τ) and viscosity (η) for K3/SO and pumice/SO systems were shown in Figure 4 . From Figure 4 , it is clear that the apparent shear viscosity attains its largest increases in low shear rate values because, at those values, the stronger electrostatic forces make the particle chains stiffer when standing against the hydrodynamic forces [13] . The viscosities of the systems were observed to decrement exponentially at lower shear rate regions with typical curves of shear thinning non-Newtonian viscoelastic demeanors. Non-Newtonian shear stress increments were observed with incrementing shear rate for all the materials examined. It was concluded that, the interactions between the surfactant molecules and the dispersed composite particles caused the reduction of surface tension of the dispersion system; and additionally the surfactant molecules promoted the colloidal stability of the dispersed particles [14] [15] . At the high shear rate region, the shear stress of all flow curves converges to the same value despite the difference in the applied electric field strength. Thus the applied electric field affects only the low shear rate behavior and the yield stress value [16] .
Effect of Electric Field Strength on Shear Stress and Viscosity
The pumice and composite nanoparticles dispersed in SO were distributed randomly without applying E ( Figure  5 ). When an electric field was applied, the particles became polarized and inclined to magnetize each other, and consequently the fibril-like structures aligned to the direction of electric field were composed, which provide supplemental resistance against the flow. For composite/SO systems, this occurs under low electric field values and the formation of fibril-like structures could be weak. The composite/SO system showed slight changes in viscosity with increasing electric field. In the presence of an electric field strength, structure of composite/SO dispersion was eradicated by electrostatic forces acting on polarized particles, reorganizing them into fibrillar chains parallel to the electric field, whose resistance against the flow was lower than that of the structure of dispersion with the absence of an electric field. Shear stress is one of the critical design parameters in ER phenomenon and has attracted considerable attention both theoretically and experimentally [17] . Figure 5 shows the dependence of shear stress on the electric field strength for the four samples studied. Electric field induced shear stress values were observed to increase with increasing pumice content of the composites and changed in the order: K3 > K2 > K1 > pumice. When pumice and composites/SO suspension was subjected to E > 1.0 kV/mm an electrical breakdown was occurring and no further data collected.
Additionally Figure 5 shows the change in the electric field viscosity with electric field strength in constant conditions ( γ = 0.1 s −1 , c = 25%, T = 25˚C). Electric field viscosity (η E ≠ 0 ) increases with increasing electric field strength for all the suspensions studied. Under applied electric field strength, the magnitude of the polarization forces between particles increases, and in turn, the particles rapidly aggregate into the chain formation perpendicular to the lower and upper plates, hence resulting in the improvement of the electric field viscosity. During the absence of an electric field strength, the shear stress increases almost linearly with the increasing shear rate. However, in the presence of an applied electric field strength, the shear stress increases abruptly and shows a yield behavior of a typical Bingham fluid, and the apparent shear viscosity exhibits a strong shear thinning behavior [12] . The maximum electric field viscosity was observed as 468 Pas for K3, which contains the highest amount of PMMA. Similar trend was reported by Lu and Zhao [18] for polyaniline/montmorillonite composites.
The Effect of Temperature on Shear Stress
The temperature effect of ER fluid is one of the important parameters to evaluate ER effect [19] . Generally, the temperature has two effects on ER fluids: one is the effect on the polarization intensity of particle and another is Brownian motion. The increase in the temperature resulted with a decrease in polarization activation energy, but with an increase in the polarization ability of the ER particle. Moreover, thermal kinetics and colloidal stability are influenced by change of temperature. The ultimate ER demeanor depends on the balance procured among these factors [20] [21] .
To investigate the behavior of materials at elevated temperatures, temperature sweeps were carried out between 25˚C and 125˚C for all the suspensions studied (Figure 6) . The shear stresses of all the samples, except nanoparticles/SO system, were recorded to decrease with increasing temperature. The overall shear stress losses (Δτ = τ 25˚C − τ 125˚C ) were in the order of: Δτ K3 (43 Pa) > Δτ K2 (66 Pa) > Δτ K1 (74 Pa) and shear stress increment for pumice particle suspensions was calculated to be 33 Pa. With increasing temperature, the thermal motions of the dispersed particles were enhanced; as a result, the mobility of the particles raised and formation of stripes along the direction of the electric field got relatively difficult. pumice/SO system showed slight increment with raising temperature which was believed to cause by its including water and CO 2 .
Effect of Frequency on Storage Modulus and Loss Modulus
It is well known that the relationship between storage modulus (G') and loss modulus (G") indicates whether the material is solid-like (G' > G"), gel-like (G' ≈ G") or liquid-like (G" > G') in the whole frequency range measured [22] .
Viscoelastic properties of K3 composite based ER fluids were measured by an electrorheometer. Figure 7 represents the results from the frequency sweep test. Storage modulus (G') and loss modulus (G") under E = 3.5 kV/mm were plotted as a function of frequency in the range from 0.1 to 100 Hz. Therefore, the solid-like property of ER fluid also can be confirmed. Stress sweep was first carried out to determine the proper stress values to ensure collecting data in the linear viscoelastic regime for the samples. G' values of K3/SO were closer to G" values at moderate frequency values and also increased notably with increasing frequency. At lower frequencies the viscous deportment reflected by G" was ascendant, whereas, at the higher frequencies the elastic demeanor reflected by G' was outweighing [23] . This suggests that the fibrillar structure between the electrodes could not occur at lower frequencies. This was because network formation proceeds rapidly and compensates the network break-up under these conditions [24] . Dynamic frequency sweeps at strains well within the linear viscoelastic regime of each composites were performed in a range of frequencies covering 5 decades (0.01 -100 Hz). The results shown in Figure 7 exhibit the storage modulus G', loss modulus G'' and intricate viscosity η * for K3. For K3, G', G'' and η * became too diminutive and scattered for precise quantification at lower frequencies. This was due to the low viscosity of the melt at 25˚C, which led to torque values beyond the constraints of the transducer in the low frequency region. In the middle frequency region, both showed plateaus of proximately constant viscosity. Kindred increment in G' was reported for goethite/SO suspension system at both lower volume fractions and electric field strengths [25] .
Conclusion
Novel ER fluids with poly(methyl methacrylate)/pumice composite structures dispersed in silicone oil have been investigated under both steady and dynamic shear with a rotational rheometer. Sedimentation stabilities of suspensions were increased with increasing pumice content and decreasing dispersed particle concentration of composites. ER activity of all the composite suspensions was observed to increase with increasing electric field strength, dispersed particle concentration and decreasing shear rate. All the suspensions were observed in shown Newtonian flow behavior in the absence electric field, and Bingham plastic flow behavior in the presence of an externally applied electric field. The fluids show typical ER properties in the presence of an electric field strength applied perpendicularly to the flow field. Viscosities of all suspensions were sharply decreased with increasing shear rate, thus showing a shear thinning non-Newtonian flow. Shear modulus of samples was slightly increased with external frequency. Thus, the current study will help to further explore the difference in the ER behavior of spherical particle-based fluids and to explore as-prepared PMMA/pumice composite structures as promising candidates for high-performance smart ER materials.
